Abstract -A critical assessment of the various X-ray and electron-based methods of determining the structure of ultrafine metallic particles of colloidal dimension is given. In particular, examples of the use and potential of high-resolution electron microscopy of high-angle Rutherford scattering and of scanning tunneling microscopic procedures are illustrated. Several growth points of current and possible future uses of colloidal metals are identified; and the role of a variety of colloidal metals in (gas-solid) catalysis, in photocatalysis and in the photogeneration of organic materials are discussed. The prospects of finetuning colloidal catalysts are also briefly touched upon.
THE PAST
Colloidal metals are of ancient lineage. Several methods of preparing them were evolved well over a hundred years ago by Selmi, Faraday and Graham. They were the subject of lively studies by these and other pioneers including Tyndall, Rayleigh, Ostwald, Mie and Bredig and more recently by Rideal, who was among the first to probe their catalytic properties for selective conversions such as the hydrogenation of organic molecules. In numerous other respects, colloidal metals have played a prominent part in man's broader cultural activities: they figure eminently in stained glass windows and other decorative-artistic features, as well as in alchemical and medicinal contexts. In medieval times colloidal dispersions of gold, for example, were reputed to possess remarkable curative properties.
Faraday (ref. 1) prepared colloidal dispersions of gold by reducing an aqueous solution of a
gold salt, such as sodium chloroaurate, with a solution of phosphorous in carbon disulphide. The reduction proceeds rapidly at room temperature and the bright yellow colour of the chloroaurate is replaced by the ruby colouration characteristic of colloidal gold (of appropriate average particle dimension) within a few minutes of mixing. A more convenient, and certainly less unpleasant solvent than CS2 is diethylether. In a typical preparation (ref.
2 ) , NaAuCl4 ( 2 0 mg) is dissolved in distilled water (100 ml) and treated with 2 ml of a saturated solution of yellow phosphorous in diethylether. Reduction of chloroaurate is rapid and quantitative, as demonstrated by absorption spectroscopy; and the concentration of the final solution is 5 x peak centred at 522 nm which is thought to be attributable to a plasmon transition. (It is of interest to note in passing -and Kerker has amplified (ref. 3) this point -that Faraday also developed a method of building up films similar to those later associated with the work of Blodgett (ref. 4 ) . A gold film, formed on the surface of a solution of auric chloride by reduction with phosphorous vapour, is capable (refs. 1 and 2 ) of being floated off in water and of being picked up as nultilayers on a glass plate).
Though he never speculated upon their size, Faraday believed that the particles of his colloidal gold were of dimensions smaller than the wavelength of visible light. It is possible to estimate their size by ultracentrifugation and by electron microscopy. Rinde (ref. 5 ) concluded, on the basis of the former technique, that colloidal gold prepared according to Faraday's recipe possessed an average diamter of 19 A . On the other hand, Turkevich and coworkers (ref. 6 ) concluded from low-resolution electron microscopy that Faraday's ruby coloured gold colloids had particles of average diameter 6 0 k 2 0 1. high-resolution electron microscopy, my colleagues and I have shown (ref. 7 ) that colloidal dispersions of gold, prepared according to Faraday's method, contain a wide distribution of particle sizes, some being as small as 30 others as large as 300 8 in diameter; and many of the particles occur as rather flat plates with some evidence of crystallographic twinning.
The shape of colloidal particles of gold depends markedly upon their method of preparation, as the work of Turkevich (ref. 6 ) clearly reveals. Reduction with boiling citric acid yields predominantly pyramidal particles, whereas hot sodium nitrate favours the production of spherical particles. yields elongated cylinders whereas acetylene produces irregularly-shaped, flat plates. A s was recognized in the early years of photography (ref. G ) , the precise shape of colloidal particles exerts a profound influence upon the optical properties of the suspension. mol dm-3. The ruby colouration arises from an absorption Using Rgduction with carbon monoxide, on the other hand, Faraday's extensive studies of colloidal gold had many facets, one of these being the development of methods of producing ultra-stable gold gels, which he obtained simply by adding a warm aqueous solution of gelatin to a freshly prepared, ruby-coloured, colloidal gold sol, and allowing the gel to set. Faraday also notes that gold stains could be produced on fabric and on organic tissue. Nowadays, the use of colloidal gold to stain biological organs and to decorate such specimens for examination in the electron microscope is extensive. But, as early as 1856, Faraday impregnated ox gut with chloroaurate solution and subsequently exposed it to phosphorous vapour, thereby producing a deep ruby stain of metallic gold, which is not easily removed by washing. This work lead Faraday to devise methods of laying down coherent thin films of gold on glass, alluded to above. Such films presented him with experimental opportunities to evaluate the merits of the rival wave (undulating) and corpuscular theories of light. He remarked that these films ' I . . . may perhaps hope here to change one undulation into another, that problem which I have so long had in mind". conversion, which are s o much in vogue these days, spring to mind on reading this passage in Faraday's Diary (ref. 9 ) .
In highlighting some of the past achievements pertaining to colloidal metals one must pay tribute to the great achievements of German physical chemists at the turn of this century, in particular Ostwald, whose book on the "neglected" (i.e. colloidal) dimension, based in part, on lectures given at universities in the U.S.A., still makes rewarding reading. Rideal, too, another pioneering and surface chemist, was one of the first to take advantage of partially protected colloidal metal s o l s for heterogeneous catalysis (ref. 10).
Frequency-doubling crystals, and other modern techniques of up-
THE PRESENT
There are a multiplicity of reasons why colloidal metals are currently of such interest, and Table 1 enumerates some of these. No longer is it adequate to restrict the term metal to certain elemental materials (Au, Pt etc.), because many oxides and sulphides, in the electronic sense of the term, have long been known to be metals. And this, after all, is the age when ceramic mixed oxides have been shown to be superconducting. Table 1 therefore includes some binary compounds that, depending upon composition, hover between the conducting and semi-conducting states. The magnetic oxides of iron, for example, present in single-crystal particles of colloidal dimension in certain bacteria, are not irrelevant to the main theme of our discussion. The decoration of the cleavage phases studied by low-power electron microscopy of minerals, such as graphite (refs. 23 and 26), molybdenite (refs. 27 and 28) and halite (refs. 29 and 30) revealed a great deal about the solid-state and surface properties of these solids, including fundamental features relating to the energetics of formation of various types of dislocation, stacking faults and point-defects, as well as epitaxy (refs. 31 and 32) . With the recent arrival of scanning tunneling microscopy a great deal more can be said about both the phenomenon of epitaxy and other structural characteristics of ultrafine metals (see below)
Structural aspects
When the total number of atoms in a naked or clothed metallic colloidal particle falls between ten and a thousand, it is no easy task to determine precisely the structure of the aggregate. There is a temptation to regard as proven a structure which is no more than a plausible model. It remains to be seen, for example, whether the C 6 0 'cluster' is indeed in the form of a hollow soccer ball. And is one entitled to expect structures such as those shown schematically in Fig. 2 for the favoured atomic aggregates M13, M55 etc., where there are the so-called 'magic numbers' of bound atoms? Somewhat surprisingly, the simplest of theoretical approaches, such as that adopted by Tomanek (ref. 14) , yields favoured binding energies for n = 13, 55, 147 ... in the clusters M n as well as reasonable magnitudes for other properties including the energy appropriate for coulombic explosions (i.e. the process of liberation of positively charged atoms from a multiply charged cluster M p ) .
the magic numbers; but the more modest of such approaches (based on EHT) arrive at the important result that many configurations of clusters of the same size are very close in energy (ref. 15) . In the Pt8 cluster, for example, the cohesive enrgy of the six most active configurational isomers are almost degenerate energetically.
So far as experimental studies of the structure of colloidal metals are concerned the primary methods, apart from light scattering and ultracentrifugation which yield only global size as distinct from internal structure, are as shown in Table 2 .
More sophisticated quantum mechanical calculations are less effective in "predicting"
isomers" are equal to within 0.1 eV; and for the Pt13 cluster very many of the Radial distribu,tion functions (RDF) are invaluable for yielding M-M distances in first, second and succeeding shells, and are especially useful for charting changes in these distances when the colloidal particle is exposed to different environments. Gallezot (ref. 3 3 ) has made good use of this approach in probing the changes in bond distances when naked transition metal atom clusters (Pt, Pd, Ir ... ) , encapsulated in zeolitic frameworks, are exposed to reactant gases such as Hg and CO. RDF's, as is well-known from the physics of glasses and liquids, are not particularly model-sensitive, so that they do not constitute an adequate, de novo, method of determining structure.
-EXAFS has proved especially valuable in studying the structure of bimetallic clusters notably by Sinfelt (ref. 11 ) who finds strong evidence that, in colloidal aggregates of CuRu and PtRe, the clusters, at least when supported on A1203 or Si02 to serve as catalysts, are not homogeneous. One or other of the pair of metals in the aggregate is preferentially exposed; correspondingly the other is preferentially bound to the support.
High-resolution electron microscopy (HUM) yields real-space, real-time images of the projected potential along particular zone axis (Fig. 3 ) . There are ways (ref. ultrafine particle. This is achieved by electron scattering into a high angle annular detector so as to avoid intensity modulations arising from Bragg reflections. The signal is mostly high-angle diffuse scattering, and is proportional to the number of atoms probed by the beam, weighted by their individual scattering cross sections. Scattering strengths of individual clusters are computed from digitized high angle annular detector images. Data for Pt on y-Alp03 (Fig. 8 ) when plotted as (imaged area)Y2 versus (intensity)l/3 lie close to a straight line (Fig. 9) . Such plots provide calibration of the intensity increment per atom, without the necessity of external calibration. This technique has been shown (ref. 39) to be capable of detecting as few as three atoms of Pt supported on a 200 & thick specimen of y-Al203. 
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Plot of the integrated HAAD intensity (see Fig. 8 ) , after background subtraction, against the measured projected area for all candidate clusters visible in the image (Fig. 8 ) 
Fig. 9(b).
Intensity (I) and area (A) data from the HAAD of Fig. 9 (a) plotted as A1b versus I q3. Scanning tunneling microscopy (STM) is the newest of all the ultramicroscopic techniques (ref. 40) and one that can routinely pick out minute clusters of metals. Recent work on such clusters supported on graphite has brought to light some remarkable facts. In twodimensional aggregates of Au or Ag grown, ostensibly epitaxially on graphite, there are both crystallographically and n o n -c r y s t a l l o g r a p h i c a l l y arranged overgrowths (Fig. l o ) , and such arrangements vary with time. Each metal atom, initially at least, seems to occupy a unique environment. The full implications of these observations have not been fully worked out, but the role of metal-graphite interaction is thought not to be negligible. What is somewhat surprising is that rectangular lattices seem more to be preferred by the overgrowing metal, even though in three dimensions it (i.e. the Au) would take up an f.c.c. structure and the symmetry of the outermost graphitic layer is three fold about the 5-axis. None of the structures of the microscopic aggregates in two dimensions seems to bear any kinship with those chronicled in the myriad metal skeletal structures of the clothed inorganic clusters. Other methods involve condensation of the highly defined (compositionally and energetically) molecular-ion beams of aggregated metals (M,) such as those studied by Kaldor (ref. 42) .
Newer methods of preparation
A very powerful method of producing colloidal metals dispersed in liquids is based on radiolysis with y-rays from 6oCo sources. With the very high concentrations of solvated electrons an intensely reducing environment is generated. Thus ultrafine colloids of Pt and Ir (refs. 36 and 43) of mean diameter 10 to 20 8 are produced by radiolytic reduction at room temperature of the appropriate aqueous solutions. The hydrated electron, OH radicals and H2 are the premier agents of reduction.
Why should colloidal metals be catalytically active?
The reason why the bulk metal, as distinct from the isolated atom, generally facilitates electron transfer to or from an adsorbate devolves upon the fact that the work function of the metal is much smaller than the ionization energy or electron affinity of the atom -the frontier orbitals of the metal are favourably situated energetically with respect to those of the reactants. This is a necessary but not sufficient condition. Others, notably the right coordination numbers and the right seperation distances at the catalyst surface, need to be satisfied. With small metal clusters it is possible to achieve these desiderata, for the aggregation is large enough to minimize the work function yet small enough to render available a wide range of configurational isomers (see ref. 15 and above). Moreover, because of the smallness of the particles there is maximal stabilization of the catalyst in that the majority of the atoms are exposed. Differences between one metal colloid and another arise because of a number of factors: the particular energy and symmetry of orbitals at the exposed atoms and the cohesive energy of the aggregate.
In one sense, therefore, especially when one assesses the common catalytic characteristics of colloidal metals, they may be regarded as convenient pools into, and from, which electrons may be readily transferred. In another, it is useful to recall their especial thermodynamic attributes such as electrode potentials that are significantly different from the bulk and melting points which, depending upon precise size, are markedly lower than those of the bulk material.
For both dry (e.g. gas-solid) or wet (solid-liquid) catalyzed reactions colloidal metals are likely to be superior to their bulk counterparts. This fact has been tacitly recognized from the earliest days of industrial chemistry; it is one of the reasons why supported ultrafine particles (of metals and alloys especially) are used s o extensively. Dissociation (of H2 say) and subsequent spillover onto an acidic support render processes such as the isomerization of hydrocarbons more facile.
Some specific examples
Finely divided Pt, supported on zeolites such as mordenite, are admirable isomerization catalysts and are the centrepiece of the well-known Shell 'Hysom' process. Recently (ref. 44 ) ultrafine particles of Pt inside a zeolite-L matrix have been shown to be efficient catalysts for the conversion of alkanes to petrol. And colloidal metallic Ru, supported on carbon, shows exceptional promise as a catalyst for the synthesis of ammonia. With the PtlOO-xAux colloidal alloys mentioned earlier interesting behaviour is observed towards hydrogenolysis and isomerization of ;-butane. supported alloys (on carbon) decrease steadily with increasing content of Au, the isomerization rate passes through a maximum. Scope exists in this kind of catalyst for some fine-tuning of catalytic activity; but more work needs to be done to pin down the entire set of determinants for these processes. The initial quantum yield for formation of Hp was 0.11, which compares well with that obtained with a Pt colloid (0.13), and the total amount of Hp obtained (ref. 47) upon exhaustive photolysis was about 2 x mol dm-3. Assuming that all surface atoms function as active sites for colloidal Ir of diameter 15 A, the turnover frequency for the atom is 0.03 m-l. Repeating the above experiment with colloidal Ir that had been exposed to air for 48 h at 4OoC also resulted in formation of Hp (Fig. 11) ; but now there is a distinct induction period before Hp evolution begins, presumably due to reduction of surface oxide by ketyl radicals. Once a clean metallic surface has been exposed, Hp evolution takes place at the same rate as found with colloids of metallic Ir. More pronounced oxidation of the Ir surface is achieved by treatment of the colloid with PbOp. The resulting blue colloid has an Ir core surrounded either with IrOp.xHp0 or a mixed oxide of the type PbO.Ir0. This has a longer induction period. 
THE FUTURE
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The initial reaction involves abstraction of a H atom from an ethanol molecule by the triplet excited state phenone derivative, thereby producing two ketyl radicals within a solvent cage. Those radicals that escape from the solvent cage are capable of recombination and addition reactions but these processes are in competition with electron transfer to a colloidal particle of Pt, which functions as a microelectrode and accepts an electron from each ketyl radical. This oxidizes the ketyl radical to the corresponding carbonyl compound (hence recycling the benzophenone) and stores electrons on the colloid. entails the reduction of surface bound protons followed by recombination. The overall reaction (C2HcJX-I -CH3CHO
+ Hp) stores some 42 kJ mol-l.
Though extremely simple, and versatile in its adaptability, this photochemical reaction operates with only a low sunlight conversion efficiency (c 1.7 percent).
donors (in place of ethanol) could be used, sacrificially, with the benzophenone to yield Hp. Thus the quantum efficiency for H p production from triethylamine is close to unity and for ethylamine to a half. The principles outlined here of choosing the right photosensitizer (in this case a benzophenone), donor and colloidal catalyst offers considerable scope for improvement. Thus Harriman (ref. 5 0 ) in these Laboratories, using a slightly different system and pursuing the same general principles, arrived at an effective photocatalytic method of generating Hp (with sacrificial consumption of triethylamine (see Scheme 211. Irradiation of a water-soluble 9-oxothioxanthene ( 2 ) at 400 nm in the presence of triethylamine and colloidal Pt produced Hp with an optimized quantum yield of Hp obtained upon exhaustive photolysis (0.08 mol dm-3) is superior to all other reported systems.
fraction of the solar system harvested by 2 is still unacceptably low for commercial exploitation; but this can be improved by simple synthesis. Harriman draws attention to the many other donors (sulphides, ureas and phenols as well numerous industrial waste products) that could replace the amine as donor.
As well as modifying the sensitizers and the donors in photo-stimulated reactions, we may well enquire what scope have we to play tunes with the metal? A great deal. Let us first recall that, in order to ensure high rates of liberation of Hp, it is necessary to use high concentrations of catalyst, an end best achieved by employing colloidally dispersed material. But producing small particles is not the only means of ensuring that the catalyst thwarts the self-annihilation of the reducing radicals. And, by the same arguments, having small particles does not guarantee that trapping will be effective. Other factors, notably electrostatic forces and radical mobility have to be considered. A clothed (protected) colloidal particle will carry a surface charge due to ionisable groups; and the magnitude and sign of this change will, in general, vary with pH and on the presence of other surface adsorbed species. (The whole question of ease of interfacial electron-transfer reactions between colloidal Pt and reducing radicals derived from various aryl ketones, N-methylpyridinium ions etc. -as listed in Fig. 1 available surface area).
The
The rate of electron transfer is not controlled solely by the Fig. 1 2 . The structural formulae of the electron mediators (source of reducing radicals) used by Harriman (ref. 5 2 ) to study interfacial electron-transfer reactions at the surfaces of colloidal platinum, shown left.
Colloids of other metals, besides Pt, can be readily prepared (Au, Ag, Tl, Ir, Ru, Ni, Cu and Pd) . Under the same conditions of preparation, colloids of Pt and Ir tend to give much smaller particle sizes (s 7 to 10 8, diameter) than those of Ag (30 to 40 8, diameter) which in turn are smaller than those of Au (60 to 70 8 , ) . Hp liberation is greatly facilitated at colloidal Pt and Ir because of their low intrinsic overpotentials. But with colloids of Ag, which have high overpotentials, many more electrons can be stored at the particle surface before Hp liberation takes place. Colloids of Cd and T1 are even more reluctant to liberate Hp s o that many hundreds of electrons can be stored at the surface of each colloidal particle. Upon addition of suitable substrates, these electrons can be discharged and used to drive multielectron reductions.
We conclude, therefore, by recalling that the prospect of reducing Cop (on, say, Ru colloids) and nitrate ions to ammonia ( o n Ag colloids) decomposing chlorinated hydrocarbons (on T1 colloids) are real; and it is by no means impossible that an appropriate colloidal metal or alloy system can be devised for reduction of Np to ammonia. Furthermore, by a combination of photo-assisted dehydrogenation and the addition of readily available simple reactants, quite novel syntheses should be possible. The scheme below is, in principle, a feasible route to amino-acid production in the presence of colloidal Pt. 
